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.2013.04.0Abstract Drops are used to effectively dissipate the surplus energy of the water ﬂow. A closed con-
duit drop conveys water and stills it at its downstream. I-type pipe drop is one kind of the closed
conduit drops which is used in irrigation networks as a typical hydraulic structure. Sump elevation
is an important design parameter for I-type pipe drop. Similarly, in supercritical ﬂow structures,
such as open channel chutes, determination of stilling basin invert elevation is very important.
At present, these key design parameters are determined by the momentum and energy equations
using tedious trial-and-error procedure. In this study, square conduit drop, pipe drop, and rectan-
gular stilling basin are considered, and three explicit equations have been developed by (multiple)
nonlinear regression technique to determine the sump and stilling basin invert elevations. Being very
simple and accurate, these equations can be easily used to design the closed conduit drops and still-
ing basins by hydraulic engineers.
 2013 Production and hosting by Elsevier B.V. on behalf of Ain Shams University.1. Introduction
A pipe drop conveys water from a higher point to a lower one.
The height of the drop is considered between 1 and about 5 m
[1]. This structure dissipates the excess energy and stills the
water after reaching the lower elevation. I-type and II-type
pipe drops are two general types of closed conduit drops which
are used in irrigation networks as typical hydraulic structures.Shams University.
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07In this research, only the I-type pipe drop is considered. The I-
type pipe drop (Fig. 1) is a practical and economical drop and
is used as an inline canal structure where the possibility of
clogging is minimal [1]. To dissipate the excess energy from
the supercritical ﬂow in the sloped part of the structure, stilling
is completed by providing a depressed section of pipe near the
outlet end.
Similarly, open channel chutes are used to convey water
from a higher elevation to a lower elevation (Fig. 2). In a
chute, water ﬂows down the steep slope section at a velocity
greater than the critical velocity. The abrupt change in slope,
forces the water into a hydraulic jump, and thus, energy is dis-
sipated [1]. The stilling basin is usually proportioned to contain
the jump. For a stilling basin to operate properly, the Froude
number should be between 4.5 and 15 [1]. It is not the purpose
of this study to describe in detail the components and designin Shams University.
Notation
A* non-dimensional ﬂow area (=A/D2)
A ﬂow area
B width and height of the square conduit
D pipe diameter
g gravitational acceleration
Q non-dimensional discharge (=Q
2/gD5 or Q2/gB5)
Q discharge
q discharge intensity
V ﬂow velocity
Vp full pipe velocity
y1 prejump ﬂow depth or supercritical sequent depth
y2 postjump ﬂow depth or subcritical sequent depth
yc depth of the centroid of the ﬂow area from the
water surface
ycr critical ﬂow depth
Greek symbols
n non-dimensional depth for chute, barrage or weir
(=y/ycr)
g non-dimensional depth for conduit drop (=y/D or
y/B)
k non-dimensional head loss of the jump for chute,
barrage or weir (=DE/ycr)
e non-dimensional head loss of the jump for conduit
drop (=DE/D or DE/B)
h water surface angle
DE deference of energy grade line of the canal at up-
stream and downstream ends of the structure
DEj head loss of the jump
Subscripts
1, 2 and p denote prejump, postjump and full pipe charac-
teristics respectively
* makes dimensionless
2 A.R. Vatankhahconsiderations for the conduit drops and rectangular stilling
basins. The reader is referred to [1] for more information
about various components of these structures. Design of a
hydraulic structure such as a drop or stilling basin involves
the hydraulic and structural designs. Both aspects of the de-
sign procedure must complement each other for the structure
to be efﬁcient. In this research, it is only considered the
hydraulic design.
Determination of sump and stilling basin invert elevations
requires knowledge of various elements of hydraulic jump with
known values of ‘‘discharge’’ and ‘‘head loss’’ in the jump. In
designing the conduit drop and open channel chute, the head
which should be dissipated (head loss) is equal to the difference
of the energy grade line (EGL) elevations at the upstream and
the downstream sections and has to be known before jump cal-
culations. Sump and stilling basin invert elevation can be ﬁxed
only after postjump depth determination.
USBR [1] and Chow [2] have given various graphs, equa-
tions, and design procedures; however, none of these proce-
dures give the values of postjump depth directly for the
given values of ‘‘discharge’’ and ‘‘head loss.’’ Swamee et al.Figure 1 I-typ[3] obtained a direct solution of sequent depths for the design
of a stilling basin downstream of a barrage. These equations
are very simple for handy calculations and can be used by
hydraulic engineers easily.
Chaurasia [4] considered an explicit equation for postjump
depth by multiple nonlinear regression analysis with a percent-
age error of 5.9%. Chaurasia’s work [4] is a very similar ver-
sion of Swamee and Prasad [5] as evident from [6,7].
Swamee and Rathie [8] presented exact equations for se-
quent depths in a stilling basin of a barrage or weir in terms
of inﬁnite series using Lagrange’s theorem. These solutions
are not very simple for handy calculations.
In spite of many investigations on the explicit sequent
depths equations in a stilling basin of a barrage, from the
above literature review, it is revealed that there is no direct
solution to determine the sump invert elevation. At present,
this parameter is determined using tedious trial-and-error pro-
cedure. In this research using speciﬁc force and speciﬁc energy
equations, direct equations are presented for this design
parameter. The solutions are then illustrated with the help of
numerical examples.e pipe drop.
Figure 2 Stilling basin of a chute.
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2.1. Design aid for sump invert elevation (I-type pipe drop)
The I-type pipe drop is depicted in Fig. 1. Referring to this ﬁg-
ure, the depth at which the bottom of the pipe is to be de-
pressed below the downstream water surface is determined as
follows [1]
El: Sump ¼ Energy El: at Sta: B – V2p=2g
 1:1y2 ð10% safety factorÞ
in which Vp and y2 are full pipe velocity and postjump
depth, respectively.
It should be noted that the design value of postjump depth is
taken to be equal to the actual postjump depth plus a factor of
safety of 10% [1]. As seen, for determination of the pipe invert
elevation, the postjump depth, y2, should be determined. Fig. 3
depicts a hydraulic jump in a horizontal portion of the pipe drop.
As shown, the postjump depth or subcritical sequent depth im-
pacts to the top of the pipe. In this case, it is assumed that the
postjump depth continues artiﬁcially above the pipe.
For a partially ﬁlled circular pipe with diameter D, the ﬂow
area, A, is [9]
A ¼ D
2
8
ðh sin hÞ ð1Þ
in which
h ¼ 2 cos1ð1 2gÞ ð2Þ
where h is the water surface angle in radians, g= y/D and y
denotes the depth of the water in the pipe. According toFigure 3 Hydraulic jump in horizontFig. 3, assuming horizontal pipe, and relatively frictionless
conduit within the jump length, the hydrostatic pressure and
the uniform velocity at each end of the jump; the negligible ef-
fects of air entrainment [10], the speciﬁc force equation for a
hydraulic jump in a pipe drop can be written as [1]
A1yc1 þ
Q2
gA1
¼ Apyc2 þ
Q2
gAp
ð3Þ
where yc is the depth of the centroid of the ﬂow area from the
water surface, Q is the drop discharge, g is the gravitational
acceleration, and subscripts 1, 2, and p denote the prejump,
postjump, and full pipe characteristics, respectively. For Sec-
tion 1, Ayc could be determined by taking moment about the
invert axis of the section as the following [11]
Ayc ¼ D g
1
2
 
Aþ 2
3
D3ðg g2Þ3=2 ð4Þ
Replacing Ap = pD
2/4, yc2 = y2  D/2 and Eq. (4) into (3)
yields
D g1  12
 
A1 þ 23D3ðg1  g21Þ3=2
þ Q2
gA1
¼ p
4
D3 g2  12
 þ 4Q2
gpD2
ð5Þ
in which g1 = y1/D and g2 = y2/D. Non-dimensional form of
Eq. (5) takes the form
g1  12
 
A1 þ 23 ðg1  g21Þ3=2
þ Q
A1
¼ p
4
g2  12
 þ 4Qp ð6Þ
where A1 = A1/D
2 and Q = Q
2/gD5. Solving Eq. (6) for g2
one getsal portion of the I-type pipe drop.
4 A.R. Vatankhahg2 ¼ 12þ 4p g1  12
 
A1 þ 83p ðg1  g21Þ3=2
þ 4QpA1 
16Q
p2
ð7Þ
As can be seen from Eq. (7), g2 is a function of g1 and Q. On
the other hand, the head loss of the jump DEj can be written
using the speciﬁc energy equation as
DEj ¼ y1 þ
Q2
2gA21
 
 y2 þ
Q2
2gA2p
 !
ð8Þ
Let e= DEj/D, then Eq. (8) yields
e ¼ g1 þ
Q
2A21
 
 g2 þ
8Q
p2
 
ð9Þ
Substituting g2 from Eq. (7) into (9) and solving it for Q re-
sults in
Q ¼
e g1 þ 12 4p ðg1  12Þ þ 83p ðg1  g21Þ3=2
1
2A21
þ 8p2  4pA1
ð10Þ
According to Eq. (10), Q is a function of e and g1. Similarly,
by eliminating g1 from Eqs. (7) and (10), g2 can be calculated in
terms of Q for a given e.
Hydraulic head losses of pipe drop such as entrance, fric-
tion, bend, and exit can be omitted because they are small
[1]. In such a case, head loss of the jump, DEj, equals to the dif-
ference of energy grade line (EGL) of the canal at upstream
and downstream ends of the structure, that is, DE. Considering
e= DE/D and using Eqs. (7) and (10), Q can be graphed in
terms of g2 for a given e as shown in Fig. 4. This ﬁgure can
be used to determine g2 and pipe invert elevation. However,
to provide the user with a single equation for determining g2,
an approximation is proposed using a curve ﬁtting regression
technique (with Q, and e as independent variable) as follows
g2 ¼ 0:312ð1þ 1:462e0:247Qð0:280:028QÞ Þ2:357 ð11Þ
The maximum percentage error of Eq. (11), for practical
ranges of 1 < g2 < 4 and 2 < e< 10, is less than 1.2%. Final-
ly, the bottom of the pipe which is to be depressed below the
downstream water surface (El. Sump in Fig. 1) can be deter-
mined using energy elevation at station B and postjump depth
computed by Eq. (11).
2.2. Design aid for sump invert elevation (square conduit drop)
Speciﬁc force equation for hydraulic jump in a conduit drop
with the square cross section (B · B=width · height) will be
as followsFigure 4 Q in terms of g2 for a given e (pipe drop).1
2
By21 þ
Q2
gBy1
¼ B2 y2 
B
2
 
þ Q
2
gB2
ð12Þ
Non-dimensional form of Eq. (12) is
g2 ¼
1
2
g21 þ
Q
g1
þ 1
2
Q ð13Þ
in which g1 = y1/B, g2 = y2/B and Q = Q
2/gB5. Non-dimen-
sional head loss of the jump, e= DEj/B, can be calculated
using speciﬁc energy equation as follows
e ¼ g1 þ
Q
2g21
 
 g2 þ
Q
2
 
ð14Þ
Eliminating g2 from Eqs. (13) and (14) yields
Q ¼
e g1  12 g21
1
2g2
1
 1g1 þ 12
ð15Þ
According to Eq. (15), Q is a function of e and g1. Similarly,
eliminating g1 from Eqs. (14) and (15), g2 can be calculated in
terms of Q for a given e. Fig. 5 shows Q in term of g2 for a
given e for square conduit drops. Fig. 5 can be converted to be-
low relationship using curve ﬁtting approach
g2 ¼ 0:285ð1þ 0:669e0:265Qð0:2440:01QÞ Þ3:583 ð16Þ
The maximum percentage error involved in Eq. (16), for prac-
tical ranges of 1 < g2 < 4 and 2 < e< 10, is less than 1.7%.
Omitting hydraulic head losses of square conduit drop, head
loss of the jump equals to deference of energy grade line of
the canal at upstream and downstream ends of the structure.
Therefore, the bottom of the conduit which is to be depressed
below the downstream water surface can be determined using
energy elevation at station B and postjump depth g2.
2.3. Design aid for stilling basin invert elevation
For chutes where the vertical drop is less than 5 m, the water
depth after the jump may be obtained using Fig. 2. Note that
the elevation of the energy gradient after the hydraulic jump
should be balanced by the energy gradient in the channel
downstream of the structure.
The speciﬁc force and head loss equations for hydraulic
jump in a horizontal rectangular channel are [12–14]
2y3cr ¼
2q2
g
¼ y1y2ðy1 þ y2Þ ð17ÞFigure 5 Q in terms of g2 for a given e (square conduit drop).
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3
4y1y2
ð18Þ
in which ycr is the critical depth, q is the discharge intensity,
and subscripts 1 and 2 denote the prejump and postjump char-
acteristics, respectively. Non-dimensional form of Eqs. (17)
and (18) can be written as follows [8]
2 ¼ n1n2ðn1 þ n2Þ ð19Þ
4kn1n2 ¼ ðn2  n1Þ3 ð20Þ
where n1 = y1/ycr, n2 = y2/ycr and k= DE/ycr. Solving Eq.
(19) for n1 yields
n1 ¼ 0:5ðn2 þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n22 þ 8=n2
q
Þ ð21Þ
Substituting Eq. (21) into (20) and using curve ﬁtting method,
n2 can be determined in terms of k as follows
n2 ¼ 1þ
ð1þ 3:86kÞ0:117
ð1=kþ k0:48Þ0:365 ð22Þ
The maximum percentage error of Eq. (22) is 0.26%. Swamee
et al. [3] also presented below equation for postjump depth
n2 ¼ 1þ ðk3:77 þ k3:27Þ0:1 ð23Þ
The maximum percentage error involved in Eq. (23) is less
than 0.92%. Thus, both of Eqs. (22) and (23) are simple and
accurate enough to determine postjump depth. After determin-
ing postjump ﬂow depth, prejump ﬂow depth can be deter-
mined using Eq. (21). The knowledge of sequent depths is
essential to ascertain the jump length related to the difference
of sequent depths. Thus, in the design procedure, the con-
straint ‘‘the length of the jump should be less than the length
of the stilling basin’’ has to be satisﬁed [3,15]. Considering
Fig. 2 and omitting hydraulic head losses of open channel
chute such as entrance, friction, and exit, the head loss of
the jump equals to the difference of energy grade line of the ca-
nal at upstream and downstream ends of the chute structure.Table 1 Summary of the proposed explicit solutions.
Type I pipe drop (practical range: 1 < g2 < 4 and 2 < e< 10)
El. Sump = Energy El. at Sta. B – V2p/2g  1.1y2
Vp = full pipe drop velocity
Q = Q
2/gD5
e= DE/D
g2 ¼ 0:312ð1þ 1:462e0:247Qð0:280:028QÞ Þ2:357
y2 = g2D
Square conduit drop (practical range: 1 < g2 < 4 and 2 < e< 10)
El. Sump = Energy El. at Sta. B – V2s/2g  1.1y2
Vs = full square drop velocity
Q = Q
2/gB5
e= DE/B
g2 ¼ 0:285ð1þ 0:669e0:265Qð0:2440:01QÞ Þ3:583
y2 = g2B
Stilling basin (practical range: k> 0)
El. Apron = Energy El. at Sta. B – V22/2g  y2
ycr = (q
2/g)1/3
k= DE/ycr
n2 ¼ 1þ ð1þ3:86kÞ
0:117
ð1=kþk0:48Þ0:365
y2 = n2ycrIn this case, the bottom of the stilling basin which is to be sum-
ped below the downstream water surface can be determined
using energy elevation at station B (downstream ends of the
structure) and postjump ﬂow depth as follows
El: Apron ¼ Energy El: at Sta:B – V22=2g y2
in which V2 and y2 are velocity and depth at postjump sec-
tion, respectively. It should be noted that the equations pre-
sented herein to determine the sequent depths and bottom of
the stilling basin in an open channel chute can be used for bar-
rages and weirs as investigated by other researchers.
Table 1 presents a summary of the proposed explicit solu-
tions for determining of drops and stilling basins invert
elevations.3. Design examples
The effective use of the proposed solutions is illustrated by
means of the two following examples.
3.1. Example 1
Referring to Fig. 1, consider a pipe drop structure with below
characteristics [1]:
Energy El: at Sta: A ¼ 1648:61m:
Energy El: at Sta: B ¼ 1644:36m:
Q ¼ 1:39cms; D ¼ 1:07 mð42 inÞ:
Determine the sump elevation at the beginning of the jump.
3.2. Solution
Non-dimensional head loss and discharge can be determine as
e ¼ ð1648:61 1644:36Þ=1:07 ¼ 3:98
Q ¼ 1:3929:81ð1:07Þ5 ¼ 0:14
On the other hand, full pipe velocity head is
V2p
2g
¼ 1:39
2
2 9:81 ðp 1:072=4Þ2 ¼ 0:12 m
Thus, using Eq. (8), g2 will be obtained as
g2 ¼ 0:312ð1þ 1:462 3:980:247  0:14ð0:280:0280:14ÞÞ2:357g2
¼ 2:0 ¼ y2=D
and
y2 ¼ 2:14 m
Therefore, El. Sump= 1644.36 0.12 1.1(2.14) = 1641.89 m.3.3. Example 2
Consider an open channel chute with below characteristics [1]:
Energy elevation at the end of the trajectory = 1114.29 m.
Energy elevation at the downstream ends of the
structure = 1111.12 m.
Q= 1 cms, bottom width of the stilling basin = 1.83 m.
Determine the stilling basin bottom elevation.
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Critical depth in the stilling basin is
ycr ¼ ½ð1=1:83Þ2=9:811=3 ¼ 0:31 m
Also, non-dimensional head loss equals
k ¼ ð1114:29 1111:12Þ=0:31 ¼ 10:23
Using Eq. (22), n2 will be obtained as
n2 ¼ 3:11
Thus
y2 ¼ 0:96 m
Also velocity head at postjump section is
V22
2g
¼ 1
2
2 9:81 ð0:96 1:83Þ2 ¼ 0:02m
Therefore
El: Apron ¼ 1111:12 0:02 0:96 ¼ 1110:14m
Note that other indirect solutions such as USBR (1978) re-
sults in similar results for mentioned practical examples. How-
ever, the presented direct solutions in this research are quite
simpler than the procedure proposed by USBR using trial-
and-error technique. These solutions facilitate traditional pro-
cedure as well as reduce time of computations.
4. Conclusions
In spite of many investigations on the solutions of explicit se-
quent depths in a stilling basin of a barrage or weir (rectangu-
lar sections), there is no direct solution for the determination
of the sump invert elevation for conduit drops. At present, this
parameter is determined using tedious trial-and-error proce-
dure. In the current research, a direct equation is presented
to determine sump elevation in the I-type pipe drop. This
equation is quite simpler than the procedure proposed by
USBR using trial-and-error technique. Besides, another equa-
tion is presented for the square conduit drops. Since the deter-
mination of the stilling basin bottom elevation in open channel
chutes, barrage, or weir is similar to conduit drops, another
equation for this purpose is presented. The presented direct
equations to determine postjump depth are very simple and
accurate enough for practical application and can be easily
used by hydraulic engineers. These equations facilitate tradi-
tional trial-and-error procedure as well as reduce time of com-
putations. It is hoped that the efﬁcient computational tools
presented in this paper will be useful in the design and analysis
of drops and stilling basins.Acknowledgment
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